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Abstract 24
Most bacteria and archaea use similar proteins within their cell division 25 machinery, which uses the tubulin homologue FtsZ as its central organiser. In 26
Gram-negative Escherichia coli bacteria, FtsZ recruits cytosolic, transmembrane, 27 periplasmic and outer membrane proteins, assembling the divisome that 28 facilitates bacterial cell division. One such divisome component, FtsQ, a bitopic 29 membrane protein with a globular domain in the periplasm, has been shown to 30 interact with many other divisome proteins. Despite its otherwise unknown 31 function, it has been shown to be a major divisome interaction hub. Here, we 32 investigated the interactions of FtsQ with FtsB and FtsL, two small bitopic 33 membrane proteins that act immediately downstream of FtsQ. In biochemical 34 assays we show that the periplasmic domains of E. coli FtsB and FtsL interact 35 with FtsQ, but not with each other. Our crystal structure of FtsB bound to the  36 domain of FtsQ shows that only residues 64-87 of FtsB interact with FtsQ. A 37 synthetic peptide comprising those 24 FtsB residues recapitulates the FtsQ:FtsB 38 interactions. Protein deletions and structure-guided mutant analyses validate 39 the structure. Furthermore, the same structure-guided mutants show cell 40 division defects in vivo that are consistent with our structure of the FtsQ:FtsB 41 complex that shows their interactions as they occur during cell division. Our 42 work provides intricate details of the interactions within the divisome and also 43 provides a tantalising view of a highly conserved protein interaction in the 44 periplasm of bacteria that is an excellent target for cell division inhibitor 45 searches. 46 2018 Importance 48 Cells in most bacteria and archaea divide through a cell division process that is 49 characterised through its filamentous organiser, FtsZ protein. FtsZ forms a ring 50 structure at the division site and starts the recruitment of 10-20 downstream 51 proteins that together form an elusive multi-protein complex termed divisome. 52
The divisome is thought to facilitate many of the steps required to make two cells 53 out of one. FtsQ and FtsB are part of the divisome, with FtsQ being a central hub, 54
interacting with most of the other divisome components. Here we show for the 55 first time how FtsQ interacts with its downstream partner FtsB and show that 56 mutations that disturb the interface between the two proteins effectively inhibit 57 cell division. 58
Introduction 60
The divisome is a macromolecular complex formed by at least 12 essential 61 proteins and even more non-essential proteins. It effects bacterial cell division 62 through a number of processes, including cell constriction, synthesis of the septal 63 peptidoglycan (PG) wall, and ultimately cell separation (1-5). In Escherichia coli, 64 divisome assembly starts with formation of a ring structure localised at midcell, 65 containing the bacterial tubulin-homologue FtsZ in the cytoplasm (6, 7) and 66 anchoring of the ring in the inner membrane by FtsA and ZipA (8, 9) . This is 67 followed by recruitment of further cell division proteins FtsEX, FtsK, FtsQ, FtsL, 68
FtsB, FtsW, FtsI, and FtsN in order of their localisation inter-dependence, all of 69 them trans-membrane proteins. The functions of several of these divisome 70 proteins have been deduced, such as the role of FtsEX in transmembrane 71 regulation of septal PG hydrolytic enzymes (10), FtsK's role in XerCD-mediated 72 chromosome decatenation (11) and FtsW/PBP1b/FtsI's proposed role as hybrid 73 septal peptidoglycan synthase with transglycosylase and transpeptidase 74 activities, respectively (12). FtsN has a particularly interesting role as the trigger 75 for septal peptidoglycan synthesis, depending on the assembly of the entire 76 complex, somehow affecting FtsA on the cytoplasmic side of the cell membrane 77 directly as a feedback or even checkpoint mechanism (13). FtsQLB, FtsI and FtsN 78 have only single transmembrane helices anchoring them in the membrane 79 (bitopic membrane proteins) in addition to globular periplasmic domains, where 80 they act on/react to PG synthesis. 81
FtsQ is considered to play a central, yet enigmatic role in assembly of the 82 divisome through a multitude of interactions as no enzymatic function is known for this protein (14) . Two-hybrid analyses have suggested that FtsQ interacts 84 with ~10 cell division proteins of which the interactions with FtsB and FtsL were 85 confirmed biochemically (15) . The FtsQBL complex may form independently 86 before its recruitment to midcell by FtsK, where it interacts with the later 87 divisome proteins needed for cell division (16) . 88
FtsQ is a particularly attractive target for the development of inhibitors of 89 protein-protein interactions (PPIs) that block bacterial division because (i) it is 90 an essential protein of low abundance (~50-250 copies per cell) (17) (ii) it has 91 multiple interactions in the much more easily accessible periplasm (14, 16), and 92 (iii) it has no obvious eukaryotic homologues (18). Previously, the structure of 93 the periplasmic domain of FtsQ from E. coli has been solved by X-ray 94 crystallography (19) and shown to consist of two subdomains, named  and . 95
Together with the trans-membrane domain (TMD, a single bitopic helix in FtsQ), 96 the  domain is believed to be required for recruitment by FtsK although other 97 interactions have been ascribed to this domain as well (19, 20 Y248 at its centre and is at the membrane-distal end of the protein, which is in 133 agreement with the previous crosslink data (24). Mutational analysis coupled 134 with cellular microscopy and also SPR confirmed residues in the interacting 135 region highlighted by the crystal structure that are critical for binding of FtsB to 136 FtsQ, and consequently for functioning of these proteins in cell division. 137
Results 139
The periplasmic domain of FtsB binds to FtsQ, but not FtsL 140
To understand the periplasmic interactions of FtsB with FtsQ and FtsL, we 141 performed surface plasmon resonance (SPR) experiments with purified protein 142 domains ( Figure 1A & C) . The periplasmic domain of E. coli FtsB comprising 143 residues 22-103 binds strongly to E. coli FtsQ (residues 58-276) immobilised on 144 the SPR chip, with a major K d of 0.8 µM. Equally, the periplasmic domain of FtsL 145 binds to FtsQ, however in this experiment FtsL was immobilised and the binding 146 and release were so fast that parameters could not be determined reliably. 147 Surprisingly, when FtsB was added to immobilised FtsL, no binding could be 148 detected. To investigate this further, FtsB and FtsQ were added together to 149 immobilised FtsL, resulting in measurable binding with a K d of 11 µM. The lack of 150 binding of FtsL alone to FtsB is surprising because it has been proposed that FtsB 151 and FtsL form a coiled coil/leucine zipper complex with each other and when 152 binding to FtsQ (22, 23). When analysing the propensity of FtsL and FtsB to form 153 coiled coils with COILS ( Figure 1D ) (26), only E. coli FtsB showed significant 154 coiled coil content between residues 29-70 (or 77). 2ZIP leucine zipper 155 predictions (27) were also negative for FtsL but positive for FtsB (not shown). 156
We think given these data it is unlikely that FtsB and FtsL form a 1:1 coiled 157 coil/leucine zipper complex and we could detect no binding of their periplasmic 158 domains biochemically. However, FtsQ and FtsB together do bind to FtsL and the 159 binding is not additive in the sense that if FtsL and FtsB bound independently to 160 FtsQ, the resulting binding would be stronger than their individual binding, 161 which is not the case. To test this further, we investigated the binding of the Figure 2A , showing 179 two peaks. Both peaks yielded the same crystals and peak A, of unexpected high 180 apparent molecular weight is presumed to be a dynamic oligomeric state of the 181 complex. Both peaks A and B elute as a defined complex with 1:1 stoichiometry 182 ( Figure 2B ). We obtained tetragonal crystals of the complex and solved the X-ray 183 crystal structure to 2.6 Å resolution by molecular replacement with a previous E. FtsQ are mediated by FtsB E65, E69 and N73 (not highlighted in Figure 2D ). In 199 the crystals, the resolved part of FtsB forms a tight dimer, the significance of 200 which we have not investigated ( Figure 2E ). Figure 2E also shows the phased 201 anomalous difference density from a SAD experiment with selenomethionine 202 substituted M77, validating the model building, in order to produce absolute 203 certainty for the chain trace since the resolved FtsB domain is small. 204
FtsB(64-87) is necessary and sufficient for the FtsQ:FtsB interaction 205
First, we aimed at an in vitro validation of the crystal structure by investigating 206 structure-guided mutant FtsB proteins and their binding to FtsQ ( Figure 3A We chose FtsB R72A that forms a salt bridge within FtsB with E82 and is in 208 direct contact with F84A that is positioned next to Y248 on the surface of FtsQ 209 ( Figure 2D ). Both mutant FtsB proteins showed approximately ten-fold reduced binding to immobilised FtsQ. Even more convincingly, FtsQ Y248W, a somewhat 211 conservative mutation, showed no binding whatsoever when FtsB was tested. 212
FtsQ Y248 (with A253) forms the central hydrophobic patch that FtsB latches 213 onto ( Figure 2D ). All mutants tested confirmed the binding mode of FtsB to FtsQ 214 as shown by the crystal structure of the complex ( Figure 2 ) and this is further 215 supported by an analysis of sequence conservation across FtsB homologues as 216 depicted in Suppl. Figure S1 that shows strong conservation for residues shown 217 in the crystal structure to interact with FtsQ. 218
Resolving only residues 64-87 in the crystal structure of the FtsQ:FtsB complex 219 raised the question of what the remaining residues present during crystallisation 220 do. For this we went back to SPR and tested two FtsB subdomains comprising 221 residues 22-64 and 64-87, chemically synthesised as peptides (Suppl. Figure S2 Table 1 ). It is noteworthy that the synthesised FtsB 64-87 237 peptide is highly soluble in water, at least to 10 mM. 238
As already mentioned, FtsB binding to FtsQ involves only few and minor changes 239 to the conformation of FtsQ when compared to a previous unbound structure of 240 FtsQ (PDB ID 2VH1, Figure 3F ) (19) . Two exceptions are that FtsQ Y248 and 241 W256 change their side chain conformations significantly upon binding, which 242 fits well with our data showing that FtsQ Y248 is absolutely critical for the 243 interaction with FtsB. The tyrosine side chain of Y248 is protruding from the 244 main structure whereas upon interaction with FtsB it shifts deeply inward 245 providing aromatic stacking with FtsB F84 and potential hydrogen bonding to 246 FtsB R72. 247
We conclude that binding of the periplasmic domain of FtsB to FtsQ, in absence 248 of FtsL, only involves FtsB residues 64-87 as shown by the structure and this 249 interaction can be faithfully reconstituted by using synthesised and water-250 soluble peptides comprising FtsB residues 64-87. 251
The FtsQ:FtsB interaction in the context of bacterial cell division 252
Based on the FtsQ:FtsB structure ( Figure 2 ), we investigated E. coli cells 253 harbouring FtsQ and FtsB mutant proteins in order to validate the structure and 254 to understand the contributions of various parts of the interface to the ability to 255 progress cell division. Functioning of the mutants was tested by low-level un-256 induced expression in E. coli strain LMC531, an ftsQ temperature-sensitive 257 mutant. Cells grown at the permissive temperature were imaged by phase 258 contrast microscopy ( Figure 4A ) or spotted on solid medium (Suppl. Figure S3A Under these conditions, phase contrast microscopy of LMC531 cells harbouring 261 the empty vector (EV) showed filamentation upon growth in liquid LB medium 262 at the non-permissive temperature whereas positive control cells harbouring a 263 tagged but otherwise wild-type FtsQ construct showed normal cells also at the 264 non-permissive temperature ( Figure 4A ). Equally, in the spot assay, the negative 265 control cells harbouring the empty vector only grew to high dilutions at the 266 permissive temperature, whereas the positive control showed good growth at 267 high dilution at the non-permissive temperature (Suppl. Figure S3A ). 268
Using both assays, mutant FtsQ Y248F showed full complementation, indicating 269 that the hydroxyl moiety in the tyrosine side chain is not required for functioning. 270
In contrast, FtsQ Y248K and even a Y248W substitution were unable to grow on 271 plates at the non-permissive temperature and showed a strongly filamentous 272 phenotype using microscopy at the non-permissive, and even at the permissive 273 temperature, indicating a dominant negative effect on cell division. We also 274 investigated FtsQ D245N and R247Q, conservative mutations probing the role of 275 the polar interactions FtsB is making with FtsQ towards its N-terminal part of 276 the binding region, and these showed no effects. Equally, FtsQ mutants S250A, 277 G251A and W256A showed no obvious effects in the spot assay, ruling out their 278 significance for the FtsB interaction (Suppl. Figure S3A ). In order to demonstrate 279 that phenotypes observed were not due to reduced protein levels of the mutated 280 proteins, we performed Western blotting (Suppl. Figure S3B ). Given the central 281 role of Y248 and its very strong and selective phenotypes depending on the 282 replacing residue types we also investigated the localisation of a fluorescently 283 labelled version of FtsQ Y248W. This mutant protein showed strong cell division inhibition in both assays but localised normally in cells, being recruited correctly 285 to division sites (Suppl. Figure S4 ), indicating that only downstream divisome 286 interactions were affected, as predicted. 287
The central role of FtsQ Y248 in the interaction interface suggests that specific 288 mutations at this position are not tolerated because they affect the interaction 289 with FtsB. If this is the case, complementary mutations in this area of the FtsQB 290 complex in FtsB should have a similar effect. To examine this, structure-guided 291 Figure S5 ). It also 298 confirmed that an HA-tagged FtsB construct that was used as basis for the 299 mutagenesis was able to complement growth and proper cell division in cells 300 grown in the absence of the inducer L-arabinose in contrast to NB946 cells 301 harbouring the empty vector ( Figure 4B ; Suppl. Figure S5 ). Mutations were 302 introduced changing conserved residues within the FtsB domain binding to FtsQ 303 and analysed using the microscopy and spot assay described above for FtsQ 304 mutants. FtsB F84A, also compromised in the SPR assay ( Figure 3A & C) , 305 appeared non-functional, although cell filamentation was relatively mild, 306
suggesting that the aromatic interaction with FtsQ Y248 is critical for FtsB 307 functioning. In agreement with this supposition, changing F84 into tryptophan 308 did not affect FtsB functioning. Y85A was also non-functional with a rather strong filamentation phenotype that was even more pronounced and dominant 310 in a (F84A, Y85A) double mutant (spot assay only, Suppl. Figure S5 ). 311
The loop between the -helix and -strand of the FtsB domain that is resolved in 312 the FtsQB complex structure is connected via two salt bridges, R72-E82 and E68-313 R79 ( Figure 2D ). In agreement with the SPR data ( Figure 3A & C) , both R72A and 314 E82A did not complement FtsB depletion and showed a strong filamentation 315 phenotype suggesting that this salt bridge is essential for interaction or possibly 316 also shaping FtsB into the correct fold for binding. In contrast, FtsB E68A and 317 R79A appeared fully functional, suggesting this second salt bridge is largely 318 dispensable. These findings are further supported by Suppl. Figure S1 , which 319
shows that the R72-E82 salt bridge is more conserved than E68-R79. Similarly, 320
FtsB E65 and E69, potentially interacting with FtsQ R196, could be changed into 321 alanine without functional consequences (spot assay only, Suppl. Figure S5 ). 322
Because of the very low amount of FtsB in cells and the low protein amounts 323 needed to complement in our assays, we have been unable to test protein levels 324 in cells ( Figure 4B and Suppl. Figure S5) The second surprise was that the structure of the complex between the 342 periplasmic domains of E. coli FtsB and FtsQ contained FtsB residues 64-87 only. 343
We showed that this subdomain is indeed necessary for the interaction but is 344 also sufficient, suggesting that the remaining residues within FtsB are disordered 345 in the crystals and do not bind to FtsQ. 346
Overall, the interaction interface between FtsQ and FtsB observed here in the 347 structure ( Figure 2 ) corresponds to the main interaction site that was identified 348 by in vivo site-specific photo crosslinking (24). In that study, 50 surface-exposed 349 positions in the periplasmic domain of E. coli FtsQ were changed into Bpa using 350 amber suppressor technology for photon-induced crosslinking of FtsQ with its 351 binding partners. Using this scanning approach, the strongest crosslinking to In the FtsQ:FtsB structure, FtsB Y85 is oriented towards FtsQ L226, a position 373 that was shown to crosslink very strongly to FtsB previously (24). In accordance 374 with these data, it has been shown that FtsB truncated at Y85 is unable to 375 complement and interact with FtsQ whereas FtsB truncated at D90 is fully functional (29), and this is also supported by our data showing that FtsB 64-88 377 binds as well as the entire periplasmic domain comprising residues 22-103 378 ( Figure 3B & C) . 379
The three residues upstream of FtsB R79 have been changed individually into 380 cysteine (S76C, M77C and T78C) in a previous study (24) without any effect on 381
FtsB functioning, arguing that the precise sequence of the loop that connects the 382 FtsB -helix and -strand is not very relevant for FtsB functioning. 383
Finally, we would like to speculate on the nature of the FtsQ:B complex when in 384 the membrane and with FtsL and N. Here, we found that FtsQ and FtsB together 385 form molecular species bigger than a 1:1 complex (Figure 2A & B) . In order to 386 understand this better, we also performed size exclusion chromatography with 387 multiple angle light scattering (SEC-MALS) and analytical ultracentrifugation 388 (AUC, Figure 5A , Suppl. Figure S6A ). Size estimates from those experiments for 389
FtsB, FtsQ and FtsQ:B are summarised in Suppl. Figure S6B . FtsB alone occurred 390 in several species, including some high molecular weight oligomers. FtsQ was 391 almost exclusively monomeric and the FtsQ:FtsB complex showed two species, 392 most likely corresponding to 1:1 and 2:2 complexes. Taken this into account and 393 the previous structure of the coiled coil segment of FtsB comprising residues 28-394 60 (PDB ID 4IFF) (30), a hybrid model of the entire periplasmic FtsQ:FtsB 395 complex can be assembled ( Figure 5B ). In this model, the FtsB coiled coil 396 segment, disordered in our crystal structure, forms a homodimer, as observed in 397 the 4IFF crystal structure (that, admittedly, was artificially dimerised by fusing it 398 to a coiled coil dimerisation domain) (30). FtsQ only binds to the C-terminal part 399 of FtsB, containing residues 64-87 as demonstrated here by the structure and other experiments. Because FtsB is a dimer, this means that the complex will 401 recruit two FtsQ molecules, explaining the observed 2:2 stoichiometry and a 402 measured molecular mass of 68-69 kDa. The model also predicts that the 403 transmembrane segments of FtsB are dimerised or in very close proximity, in 404 contrast to those of the two FtsQ molecules, that could be further apart. As 405 shown, FtsL binds together with FtsB to FtsQ, most likely binding to surfaces on 406 terminal His 6 -tag in E. coli (see Table 1 for exact protein sequences).
FtsB (22-103) and FtsL (58-121) from E. coli (FtsB: FTSB_ECOLI; FtsL: 450 FTSL_ECOLI) were amplified using PCR from genomic DNA, cloned into the 451 NdeI/BamHI sites of plasmid pET15b and expressed as a N-terminal His 6 -tag in E. 452 coli (see Table 1 for exact protein sequences). Plasmids pTHV037-mNG-FtsQ was constructed by cloning ftsQ into pTHV037 (42). 593 ftsQ was amplified from E. coli genomic DNA with primers containing restriction 594 sites for EcoRI and NcoI, also used to digest pTHV037. A triple asparagine linker 595 was introduced immediately downstream the EcoRI site. Plasmid and insert were 596 ligated with T4 DNA ligase (NEB, Ipswich, MA). Finally, the plasmid was amplified 597 by circular PCR to incorporate the Y248W mutation and obtain the plasmid 598 pTHV037-mNG-FtsQY248W. 599
Functionality and detection of FtsQ and FtsB mutants 600
To assess functioning of FtsQ mutants by microscopy, E. coli LMC531 cells 601 harbouring one of the p29SENX-SH8FtsQ mutants were grown overnight at 28 °C 602 in LB medium supplemented with 100 µg/mL ampicillin. The same medium was 603 inoculated 1:100 with the overnight cultures and incubated for 5 h at 28°C or 604 42°C. To assess functioning of FtsB mutants by microscopy, E. coli NB946 cells 605 harbouring one of the pCDF-FtsB-HA FLAG-FtsL mutants were grown overnight 606 at 37 °C in LB medium supplemented with 25 µg/mL ampicillin, 20 µg/mL 607 kanamycin and 0.2% L-arabinose. Then, LB medium supplemented with the 608 indicated antibiotics and 0.2% L-glucose or 0.2% L-arabinose was inoculated 609 1:100 with the overnight cultures and incubated for 5 h at 37 °C. The cells were 610 fixed by addition of formaldehyde to 3% at room temperature for 15 min, 611 harvested by centrifugation (13,000 x g, 2 min) and resuspended in PBS for the 612 examination of cell morphology by phase-contrast microscopy. To determine the 613 expression of mutant FtsQ under these conditions, cells were harvested from the 614 cultures by centrifugation (13,000 x g, 2 min) and the pellet was resuspended in 615 2X SDS sample buffer and incubated for 5 min at 96 °C. The crude cell lysates of LMC531 were separated on 12% SDS-PAGE gels and analysed by Western 617 blotting using anti-FtsQ and anti-FtsB affinity-purified rabbit polyclonal 618 antibodies. 619
To assess functioning of FtsQ mutants by complementation of growth on solid 620 medium, E. coli LMC531 cells harbouring one of the p29SENX-SH8FtsQ mutants 621 were grown overnight at 28 °C in LB medium with 100 µg/mL ampicillin. The 622 same medium was inoculated 1:100 with the overnight cultures, incubated for 623 10 h at 28°C and then diluted 1:100 in GB1 medium with 100 µg/mL ampicillin 624 for overnight growth at 28°C. The same medium was inoculated 1:100 with the 625 overnight cultures and incubated for 5 h at 28 °C or 42 °C. The cultures were ten-626 fold serially diluted and 4 µl of each dilution was spotted on GB1 agar medium. 627
The growth was assessed after 21 h incubation at 28°C or 18 h at 42 °C. 628
To assess functioning of FtsB mutants by complementation of growth on solid 629 medium, E. coli NB946 cells harbouring one of the pCDF-FtsB-HA mutants were 630 grown overnight at 37 °C in LB medium supplemented with 25 µg/mL ampicillin, 631 20 µg/mL kanamycin and 0.2% L-arabinose. The same medium was inoculated 632 1:100 with the overnight cultures and incubated for 10 h at 37 °C and then 633 diluted 1:100 in the same GB1 medium for overnight growth at 37 °C. The same 634 medium was inoculated 1:100 with the overnight cultures and incubated for 5 h 635 at 37 °C. The bacterial suspensions were diluted and spotted as described above 636 on GB1 agar medium supplemented with the indicated antibiotics and either 637 0.2% L-arabinose or 0.2% L-glucose and growth was analysed after 18 h 638 incubation at 37°C. 639 FtsL and FtsQ, calculated with COILS (26). Note that only FtsB shows significant 810 coiled coil prediction, between residues ~29-70 (or 77). This makes it unlikely 811 that FtsB and FtsL form a canonical heteromeric coiled coil and we show in panel 812
Fluorescence microscopy

Figure legends
A that they do not interact in vitro on their own. Please note that also predictions 813 with 2ZIP (27) were negative for FtsL (but positive for FtsB) (not shown). 814 Figure 5A and Suppl. 817 Figure S6A for SEC-MALS and AUC data on the same complex) that both 818 produced crystals and are most likely related to oligomerisation or dimerisation 819 of FtsB. C) Crystal structure of the complex determined to 2.6 Å resolution by 820 molecular replacement. Crystallographic data are listed in Table 1 . Only residues 64 to 87 of FtsB are resolved in the structure. FtsB forms a short helix, a 822 connecting loop and a -sheet that aligns in an antiparallel orientation with the 823 last strand of the  domain of FtsQ. D) Stereo plot of FtsB 64-87 in stick 824 representation, showing key residues involved in interactions with FtsQ, and 825 also internal contacts that are important for FtsB to adopt this particular 826 structure. Coloured from N-to C-terminus blue to red. Inset shows the same 827 orientation as a ribbon plot. E) In the crystals, FtsB forms a tight dimer that 828 buries hydrophobic residues, including methionine 77. To be certain about the 829 register of the amino acids of FtsB, we replaced M77 with SeMet and performed 830 a SAD experiment (Table 1 ). The resulting phased anomalous difference density 831 highlights the only methionine in FtsB in the correct location, validating our 832 interpretation. 833 investigating the role of the FtsB residues that were not resolved in the crystal 842 structure, as only residues 64-87 were visible, 22-63 were not. FtsB binding to 843
FtsQ only requires residues from 64 onwards until 87 and it is to be concluded 844 that the remainder of the protein in the crystals is disordered. C) Summary table  845 quantifying the SPR data in panels A) and B). D) Corroborating the point that only FtsB residues 64-87 are needed for the interaction between FtsB and FtsQ, a 847 fully synthetic peptide was produced (see Suppl. Figure S2) FtsQ is monomeric alone but together, FtsB and FtsQ most likely form a 2 + 2 874 complex. Analytical ultracentrifugation (AUC) was also used to investigate the 875 same complex with very similar results (Suppl. Figure S6) . B) Residues 22-64 of 876
FtsB were shown to not interact with FtsQ ( Figure 3B & C) . A previous crystal 877 structure (PDB ID 4IFF) (30) showed residues 28-60 to be able to form a coiled 878 coil arrangement with each other and we think it is likely that this interaction 879 leads to the dimerisation of the FtsB and FtsQ complex into the observed 2 + 2 880 stoichiometry. Residues 22-64 within FtsB link its single transmembrane helix to 881 the FtsQ-interacting domain in FtsB and also produce the putative dimer as 882 shown by forming a homodimeric coiled coil. It was previously shown that a 883 region around R75 in FtsQ links to FtsL (24). FtsQ is shown in surface 884 representation with sequence conservation colour coded (blue: most conserved, 885 red: least conserved). It is clear from the plot that the FtsB binding region 886 (residues 64-87) covers most of the highly conserved patch on the  domain of 887 FtsQ R75: FtsL interaction 
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